Atty. Dkt. 1417-453 
H160 US 



U. S. PA TENT APPLICA TION 



Inventor(s): Naoya KOBAYSHI 
Shinji TAKAHASHI 



Invention: CATALYST FOR DECOMPOSITION OF HYDROCARBONS, PROCESS 

FOR PRODUCING THE CATALYST, AND PROCESS FOR PRODUCING 
HYDROGEN USING THE CATALYST 



NIXON & VANDERHYE P.C. 
ATTORNEYS AT LAW 
1100 NORTH GLEBE ROAD, 8™ FLOOR 
ARLINGTON, VIRGINIA 22201-4714 
(703) 816-4000 
Facsimile (703) 816-4100 



SPECIFICATION 



00 



CO 

CD 



TITLE OF THE INVENTION: 

CATALYST FOR DECOMPOSITION OF HYDROCARBONS, PROCESS 
FOR PRODUCING THE CATALYST, AND PROCESS FOR PRODUCING 
HYDROGEN USING THE CATALYST 



BACKGROUND OF THE INVENTION: 

The present invention relates to a catalyst for 
decomposition of hydrocarbons, a process for producing the 
catalyst and a process for producing hydrogen using the 
catalyst, and more particularly, to a catalyst for 
decomposition of hydrocarbons in which fine metallic nickel 
particles as a catalytically active component exist in the 
vicinity of the surface of particles constituting the 
catalyst, thereby minimizing the nickel content, and which 
exhibits an excellent catalytic activity, a process for 
producing the catalyst, and a process for producing 
hydrogen using the catalyst. 

Hydrogen has now been noticed as a raw material for 
new energy and applied to fixed bed fuel cells that are 
expected to come into wide use in home and small- or 
medium-scale offices, as well as electric power plants. 
Therefore, "in-situ" production of hydrogen has been 
required. For example, in the case of fuel cells for 
domestic use in which hydrogen is produced from city gas, 
there have been generally used catalysts on which noble 
metal elements are supported, resulting in very expensive 



fuel cell systems. In particular, in order to widely 
spread the fuel cell systems for domestic use, it is 
inevitably required to develop low-price systems. 
Meanwhile, a large portion of the price of the whole fuel 
cell system is occupied by that of the catalyst used 
therein. That is, in order to promote wide spread of the 
fuel cell systems for domestic use, it is required to not 
only develop a higher-performance catalyst but also realize 
reduction in price thereof. Therefore, it has been 
strongly demanded to provide catalysts using more 
inexpensive elements instead of those using expensive noble 
metal elements. 

For example, nickel is one of the more inexpensive 
metal elements suitable as an alternative material for 
noble metal elements . As the method for producing the 
conventional nickel-based catalysts, there are known a 
method of spraying an aqueous nickel salt solution, etc., 
to a bead- shaped carrier made mainly of alumina and then 
heat-treating the sprayed carrier to support metallic 
nickel onto the surface of the bead-shaped carrier; a 
method of preparing particles containing aluminum, nickel, 
etc., by co-precipitation method and then shaping and heat- 
treating the obtained co-precipitated product; or the like. 

Further, in the case where hydrogen is produced by 
steam-reforming of low-molecular hydrocarbons, the low- 
molecular hydrocarbons are contacted with a catalyst in the 



presence of steam, thereby obtaining hydrogen. However, 
when the catalysts produced by the above-described 
conventional methods are applied to such a steam-reforming 
process, the catalysts suffer from such a coking phenomenon 
that carbon is deposited on the surface of the catalysts, 
resulting in deterioration in catalytic activity thereof. 

The catalyst used upon the production of hydrogen 
exhibits more excellent properties as the particle size of 
metallic nickel particles contained therein is reduced. 
Namely, the nickel-based catalysts which have an excellent 
anti-coking property and are optimum for production of 
hydrogen, are produced by reducing the particle size of the 
metallic nickel particles to not more than 40 run, 
especially not more than 10 nm. 

However, the conventional nickel-based catalysts used 
for production of hydrogen contain metallic nickel 
particles having a particle size as large as several ten 
nanometers and, therefore, exhibit a poor anti-coking 
property, so that properties thereof are considerably 
deteriorated with the passage of time. 

Although the use of hydrogen as a raw material for 
new energy instead of petroleum reduces a burden to global 
environments, an increased amount of nickel used not only 
lead to higher catalyst costs, but also is undesirable from 
the viewpoint of saving of resources. Therefore, it is 
necessary to provide a catalyst having a nickel content as 



low as possible. Further, since the use of a large amount 
of steam is disadvantageous from the standpoint of energy 
consumption, it has been strongly required to provide a 
catalyst capable of retaining its catalytic activity even 
upon use of a small amount of steam. 

In the case where the amount of nickel used in the 
conventional nickel-based catalysts is reduced, the 
metallic nickel particles tend to be agglomerated upon 
spraying or heat treatment thereof. Therefore, there tends 
to be caused such a problem that the catalyst properties, 
especially its methane conversion percentage, are 
remarkably deteriorated in proportion to the reduced amount 
of nickel. 

Thus, it has been strongly required to provide a 
catalyst capable of not only maintaining a fine particle 
size of the metallic nickel particles but also exhibiting 
an excellent anti-coking property even under a low steam 
atmosphere, and maintaining a good methane conversion 
percentage even at a less nickel content. 

Conventionally, there has been proposed the use of a 
compound composed mainly of magnesium, nickel and aluminum 
as a catalyst (Japanese Patent Publication (KOKOKU) No. 48- 
13828(1973), Japanese Patent Application Laid-Open (KOKAI) 
No. 50-4001(1975), Japanese Patent Application Laid-Open 
(TOKUHYO) No. 2000-503624, and Japanese Patent Application 
Laid-Open (KOKAI) Nos . 11-276893(1999) and 2 001-246257 ) . 



Also, it is described that the catalyst including a carrier 
made of an oxide of magnesium and aluminum, and containing 
metallic nickel carried thereon in an amount of about 15 to 
280% by weight is used as a catalyst for production of 
hydrogen by steam reforming (F. Basile at al . , " JOURNAL OF 
CATALYSIS", 173, (1998) pages 247 to 256). 

More specifically, in Japanese Patent Publication 
(KOKOKU) No. 48-13828(1973), Japanese Patent Application 
Laid-Open (KOKAI) No. 50-4001(1975), Japanese Patent 
Application Laid-Open (TOKUHYO) No. 2000-503624 and 
Japanese Patent Application Laid-Open (KOKAI) No. 11- 
276893(1999), there are described the catalysts containing 
magnesium, nickel and aluminum. However, since nickel is 
uniformly distributed over a whole portion of particles 
constituting these catalysts, a large amount of nickel is 
contained therein. 

Meanwhile, in Japanese Patent Application Laid-Open 
(KOKAI) No. 11-276893(1999), it is described that the 
amount of metallic nickel carried on the catalyst is 
preferably 0.1 to 10% by weight. However, in the case 
where the amount of nickel carried is small, as described 
in Examples of Japanese Patent Publication (KOKOKU) No. 48- 
13828(1973), the methane conversion percentage is less than 
75% or less than 48% at a temperature of less than 800^ 
and, therefore, is unsatisfactory. 

In addition, in Japanese Patent Application Laid-Open 
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(KOKAI) No. 2001-246257, there is described a catalyst for 
partial oxidation of methane, which is composed of a 
composite metal oxide produced by calcining 
calcium/aluminum-based laminar composite hydroxide 
particles containing nickel. However, since nickel is 
uniformly distributed over a whole portion of the laminar 
composite hydroxide particles, a large amount of nickel is 
contained therein . 

Further, in the above technique proposed by F. Basile 
et al . , the amount of Ni must be increased in order to 
attain good catalyst properties. As a result, there tend 
to be caused problems such as exhaustion of resources, 
expensiveness of resultant fuel cell system due to increase 
of catalyst unit cost and large amount of nickel used. 

As a result of the present inventors' earnest studies 
for solving the above problems, it has been found that when 
composite particles obtained by heat-calcining composite 
hydroxide- type particles composed of composite hydroxide 
core particles containing magnesium and aluminum and a 
composite hydroxide layer containing magnesium, nickel and 
aluminum which is formed on the surface of the respective 
composite hydroxide core particles, thereby obtaining oxide 
particles, and then heat-reducing the thus obtained oxide 
particles to transform a nickel oxide contained in the 
oxide particles into fine metallic nickel particles, are 
used as a catalyst for decomposition of hydrocarbons, the 



catalyst can exhibit an extremely excellent anti-coking 
property even under a low steam atmosphere upon the 
production of hydrogen by steam-reforming of low-molecular 
hydrocarbons composed mainly of methane. The present 
invention has been attained based on the above finding. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide a 
catalyst for decomposition of hydrocarbons, which is 
capable of maintaining as small a particle size of metallic 
nickel particles as not more than 10 run at a considerably 
reduced nickel content, and which exhibits an excellent 
anti-coking property even under a low steam atmosphere. 

Another object of the present invention is to provide 
a catalyst for decomposition of hydrocarbons, which is 
capable of maintaining a methane conversion percentage of 
not less than 90% at a reaction temperature of 600 to 900^, 
a ratio of steam to carbon (S/C) of 1.3 to 3.5 and a space 
velocity (GHSV) of 1,500 to 600,000 h" 1 . 

To accomplish the aim, in a first aspect of the 
present invention, there is provided a catalyst for 
decomposition of hydrocarbons, comprising porous oxide 
particles containing magnesium and aluminum, and fine 
metallic nickel particles which are present in the vicinity 
of surface of the respective porous oxide particles, and 
have an average particle diameter of 1 to 10 nm, said 
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catalyst having a nickel content of 0.15 to 12% by weight 
based on the weight of the catalyst and a molar ratio of 
nickel to a sum of magnesium, nickel and aluminum of 0.001 
to 0.12 in which a molar ratio of magnesium to aluminum 
(Mg:Al) is 4:1 to 1.5:1. 

In a second aspect of the present invention, there is 
provided a catalyst for decomposition of hydrocarbons, 
having fine metallic nickel particles of an average 
particle diameter of 1 to 10 nm and a nickel content of 
0.15 to 12% by weight based on the weight of the catalyst, 
which is produced by heat-calcining laminar composite 
hydroxide- type particles comprising composite hydroxide 
core particles containing magnesium and aluminum and a 
composite hydroxide layer containing magnesium, nickel and 
aluminum which is formed on surface of the respective 
composite hydroxide core particles, and then heat-reducing 
the obtained oxide particles to transform nickel oxide 
contained in the oxide particles into fine metallic nickel 
particles . 

In a third aspect of the present invention, there is 
provided a process for producing the catalyst for 
decomposition of hydrocarbons as claimed in claim 1 or 4 , 
comprising : 

mixing an anion-containing aqueous alkali solution, 
an aqueous magnesium salt solution and an aqueous aluminum 
salt solution with each other; 
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after adjusting a pH value of the mixed solution to 
9.0 to 14, aging the resultant mixed solution at a 
temperature of 60 to 250^C to obtain a water suspension of 
composite hydroxide core particles containing magnesium and 
aluminum; 

adding to the water suspension, an aqueous magnesium 
salt solution, an aqueous nickel salt solution and an 
aqueous aluminum salt solution, such that a molar ratio of 
a sum of magnesium, nickel and aluminum contained in these 
solutions to a sum of the magnesium and aluminum added upon 
production of the core particles is 0.05 to 0.45; 

aging the resultant suspension at a pH value of 9.0 
to 14 and a temperature of 60 to 250^ to conduct a growth 
reaction for forming a laminar composite hydroxide coating 
layer on surface of the respective core particles, thereby 
obtaining laminar composite hydroxide particles; 

heat-calcining the laminar composite hydroxide 
particles at a temperature of 450 to 1,700^ to obtain 
oxide particles; and 

then heat-reducing the thus obtained oxide particles 
at a temperature of 700 to 1,00 0^ under a reducing 
atmosphere . 

In a fourth aspect of the present invention, there is 
provided a process for producing hydrogen by subjecting a 
gas composed mainly of low-molecular hydrocarbons to steam 
reforming, comprising contacting the gas composed mainly of 



low-molecular hydrocarbons and steam each other in the 
presence of a catalyst for decomposition of hydrocarbons as 
defined in the first or second aspect, at a temperature of 
600 to 900^, a molar ratio of steam to carbon (S/C) of 1.3 
to 3.5 and a space velocity (GHSV) of 1,500 to 600,000 h" 1 . 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention is described in detail below. 

First, the catalyst for decomposition of hydrocarbons 
according to the present invention is described. 

The catalyst for decomposition of hydrocarbons 
according to the present invention comprises porous oxide 
particles containing magnesium and aluminum, and fine 
metallic nickel particles. In the present invention, the 
catalyst for decomposition of hydrocarbons is produced by 
heat-calcining a laminar composite hydroxide- type particle 
composed of a composite hydroxide core particle containing 
magnesium and aluminum and a composite hydroxide layer 
containing magnesium, nickel and aluminum, which is formed 
on the surface of the composite hydroxide core particle, 
and then heat-reducing the resultant calcined particle, and 
as a result, it is considered that nickel is not present in 
a central portion of the porous oxide particles 
constituting the catalyst for decomposition of hydrocarbons, 
and the fine metallic nickel particles are present merely 
in the vicinity of the surface of the respective porous 
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oxide particles. 

The fine metallic nickel particles contained in the 
catalyst for decomposition of hydrocarbons according to the 
present invention has an average particle diameter of 1 to 
10 run, preferably 1 to 8 nm. The catalyst for 
decomposition of hydrocarbons according to the present 
invention is optimum for production of hydrogen and 
exhibits an excellent anti-coking property. When the 
average particle diameter of the fine metallic nickel 
particles is more than 10 nm, the resultant catalyst tends 
to be deteriorated in anti-coking property. 

The catalyst for decomposition of hydrocarbons 
according to the present invention has a metallic nickel 
content of 0.15 to 12% by weight, preferably 0.18 to 11% by 
weight based on the total weight of the catalyst. When the 
nickel content is less than 0.15% by weight, the resultant 
catalyst tends to be deteriorated in methane conversion 
percentage. When the nickel content is more than 12% by 
weight, the resultant catalyst tends to be deteriorated in 
anti-coking property due to increase in particle size of 
the fine metallic nickel particles. 

The molar ratio of nickel to a sum of magnesium, 
nickel and aluminum contained in the catalyst for 
decomposition of hydrocarbons according to the present 
invention (Ni/ (Mg+Ni+Al ) ) is usually 0.001 to 0.12, 
preferably 0.0012 to 0.10, more preferably 0.0015 to 0.08. 
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When the molar ratio of Ni/ (Mg+Ni+Al) is more than 0.12, 
the average particle diameter of the fine metallic nickel 
particles exceeds 10 run, so that the resultant catalyst 
tends to be deteriorated in anti-coking property. 

The molar ratio of magnesium to aluminum contained in 
the catalyst for decomposition of hydrocarbons according to 
the present invention, is not particularly restricted and 
is preferably large. As a result, the molar ratio of 
magnesium to aluminum (Mg:Al) is preferably in the range of 
4:1 to 1.5:1. When the molar ratio of magnesium to 
aluminum exceeds the above-specified range, it may be 
difficult to readily obtain a molded product having a 
sufficient strength. When the molar ratio of magnesium to 
aluminum is less than the above-specified range, the 
resultant catalyst may fail to exhibit properties required 
as the porous carrier. 

The catalyst for decomposition of hydrocarbons 
according to the present invention has a BET specific 
surface area value of usually 20 to 400 m 2 /g, preferably 25 
to 380 m 2 /g. When the BET specific surface area value is 
less than 2 0 m 2 /g, the methane conversion percentage tends 
to be deteriorated at a higher space velocity. When the 
BET specific surface area value is more than 400 m 2 /g, it 
may be difficult to industrially produce the composite 
hydroxide as a precursor of the catalyst. 

Next, the process for producing the catalyst for 
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decomposition of hydrocarbons according to the present 
invention is described. 

The catalyst for decomposition of hydrocarbons 
according to the present invention can be obtained by 
producing laminar composite hydroxide- type particles as a 
precursor thereof, heat-calcining the laminar composite 
hydroxide- type particles at a temperature of 450 to 1,700^ 
to obtain porous oxide particles, and then heat-reducing 
the thus obtained porous oxide particles at a temperature 
of 700 to 1, 000^. 

The laminar composite hydroxide- type particles used 
in the present invention are obtained by the following 
method. First, an anion-containing aqueous alkali solution, 
an aqueous magnesium salt solution and an aqueous aluminum 
salt solution are mixed with each other. After adjusting a 
pH value of the mixed solution to 9.0 to 14, the resultant 
mixed solution is subjected to reacting and aging 
treatments at a temperature of 50 to 250^ to obtain 
composite hydroxide core particles. Then, an aqueous 
magnesium salt solution, an aqueous nickel salt solution 
and an aqueous aluminum salt solution are added to the 
resultant water suspension containing the composite 
hydroxide core particles in such an amount that a molar 
ratio of a sum of magnesium, nickel and aluminum contained 
in these aqueous solutions to a sum of the magnesium and 
aluminum added upon production of the core particles is 
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0.05 to 0.45. After adjusting the pH value of the obtained 
water suspension to 9.0 to 14, the water suspension is 
subjected to reacting and aging treatments at a temperature 
of 50 to 250^ to conduct a growth reaction for 
topotactically forming a coating layer composed of 
magnesium, nickel and aluminum which are derived from the 
newly added aqueous solutions, on surface of the respective 
composite hydroxide core particles, thereby obtaining the 
laminar composite hydroxide- type particles. 

When the pH value upon the reaction for production of 
the composite hydroxide core particles is less than 9.0, 
the growth of the composite hydroxide core particles tends 
to be insufficient, so that it may be difficult to conduct 
the subsequent growth reaction for forming the coating 
layer thereon. When the pH value upon the reaction for 
production of the composite hydroxide core particles is 
more than 14, the amount of aluminum eluted out is too 
large, thereby failing to obtain the aimed composition. 
The pH value upon the reaction for production of the 
composite hydroxide core particles is preferably 9.5 to 13, 
more preferably 10.0 to 12.5. 

When the reaction temperature upon the reaction for 
production of the composite hydroxide core particles is 
less than 50^, the growth of the composite hydroxide core 
particles is insufficient, so that it may be difficult to 
conduct the subsequent growth reaction for forming the 
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coating layer thereon. When the reaction temperature upon 
the reaction for production of the composite hydroxide core 
particles is more than 2 50 C C, impurities such as boehmite 
and gypsite in addition to the composite hydroxide of 
magnesium and aluminum tend to be mixed in the resultant 
particles, thereby failing to obtain the aimed composition. 
The reaction temperature upon the reaction for production 
of the composite hydroxide core particles is preferably 60 
to 200^, more preferably 60 to 190PC. 

Although the aging time of the composite hydroxide 
core particles is not particularly restricted, the aging 
time is required to allow a sufficient growth of the 
composite hydroxide core particles. More specifically, the 
aging time of the composite hydroxide core particles is 
preferably 1.5 to 60 hours, more preferably 2 to 24 hours, 
still more preferably 2 to 12 hours. When the aging time 
is less than 1.5 hours, the growth of the composite 
hydroxide core particles tends to be insufficient. When 
the aging time is more than 6 0 hours, such a process tends 
to be disadvantageous from industrial viewpoints . 

When the molar ratio of magnesium, nickel and 
aluminum added upon the growth reaction for forming the 
coating layer to a sum of magnesium and aluminum contained 
in the composite hydroxide core particles is less than 0.05, 
the resultant catalyst tends to be lowered in methane 
conversion percentage, thereby failing to attain the 
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effects of the present invention. When the molar ratio of 
magnesium, nickel and aluminum added upon the growth 
reaction for forming the coating layer to a sum of 
magnesium and aluminum contained in the composite hydroxide 
core particles is more than 0.45, the average particle 
diameter of the fine metallic nickel particles contained in 
the obtained catalyst exceeds lOnm, so that the catalyst 
tends to be deteriorated in anti-coking property. The 
molar ratio of magnesium, nickel and aluminum added upon 
the growth reaction for forming the coating layer to a sum 
of magnesium and aluminum contained in the composite 
hydroxide core particles is preferably 0.10 to 0.40, more 
preferably 0.12 to 0.38. 

When the pH value upon the growth reaction for 
forming the coating layer is less than 9.0, the magnesium, 
nickel and aluminum added upon the growth reaction tends to 
be separated from the core particles and still dispersed in 
the water suspension without forming the coating layer 
thereon, thereby failing to obtain the aimed catalyst of 
the present invention. When the pH value upon the growth 
reaction for forming the coating layer is more than 14, the 
amount of aluminum eluted out tends to become too large, so 
that it may be difficult to obtain the aimed composition. 
The pH value upon the growth reaction for forming the 
coating layer is preferably 9.0 to 13.5, more preferably 
9.5 to 13 . 5 . 



17 



When the reaction temperature upon the growth 
reaction for forming the coating layer is less than 50^C, 
the magnesium, nickel and aluminum added upon the growth 
reaction tends to be separated from the core particles and 
still dispersed in the water suspension without forming the 
coating layer thereon, thereby failing to obtain the aimed 
catalyst of the present invention. When the reaction 
temperature upon the growth reaction for forming the 
coating layer is more than 250 C C, impurities such as 
boehmite and gypsite in addition to the composite hydroxide 
of magnesium and aluminum tend to be mixed in the resultant 
particles, thereby failing to obtain the aimed composition. 
The reaction temperature upon the growth reaction for 
forming the coating layer is preferably 60 to 2 00 C C / more 
preferably 60 to 190 PC. 

The aging time upon the growth reaction for forming 
the coating layer is not particularly restricted, and is 
preferably 1.5 to 60 hours, more preferably 2 to 2 4 hours, 
still more preferably 2 to 12 hours. When the aging time 
is less than 1.5 hours, the magnesium, nickel and aluminum 
added upon the growth reaction may fail to form a 
sufficient coating layer on the composite hydroxide core 
particles. When the aging time is more than 60 hours, such 
a process tends to be disadvantageous from industrial 
viewpoints . 

Meanwhile, cobalt contained as impurity in the raw 
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nickel material causes no significant problem even though 
the cobalt is mixed in the catalyst of the present 
invention. 

The laminar composite hydroxide- type particles of the 
present invention have an average plate surface diameter of 
preferably 0.04 to 0.35 ym, a crystallite size D 006 of 
preferably 0.0025 to 0.065 ]om and a specific surface area 
value of preferably 5.0 to 250 m 2 /g. When the average 
plate surface diameter is less than 0.04 \im, it may be 
difficult to sufficiently filter out and water-wash the 
obtained particles, thereby failing to industrially produce 
the aimed catalyst. When the average plate surface 
diameter is more than 0.35 yin, it may be difficult to 
obtain a molded product of the catalyst from such particles. 
When the crystallite size D 006 is less than 0.0025 yun, the 

viscosity of the water suspension tends to be too high, 
thereby failing to industrially produce the aimed catalyst. 
When the crystallite size D 006 is more than 0.065 vim, it 

may be difficult to obtain a molded product of the catalyst 
from such particles. When the specific surface area value 
is less than 5.0 m 2 /g, it may be difficult to obtain a 
molded product of the catalyst from such particles. When 
the specific surface area value is more than 250 m 2 /g, the 
viscosity of the water suspension tends to be too high and 
as a result, it may be difficult to filter out and water- 
wash the obtained particles, thereby failing to 
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industrially produce the aimed catalyst. 

The laminar composite hydroxide- type particles of the 
present invention have a nickel content of preferably 0.25 
to 12% by weight, more preferably 0.5 to 10% by weight 
based on the total weight of the laminar composite 
hydroxide- type particles. Also, the laminar composite 
hydroxide- type particles has such a nickel content that a 
molar ratio of nickel to a sum of magnesium, nickel and 
aluminum contained in the laminar composite hydroxide- type 
particles (Ni/ (Mg+Ni+Al) ) is preferably 0.001 to 0.12, more 
preferably 0.02 to 0.1, still more preferably 0.05 to 0.08. 
A molar ratio of magnesium to aluminum contained in the 
laminar composite hydroxide- type particles is not 
particularly restricted, and the molar ratio of magnesium 
to aluminum (Mg:Al) is preferably 4:1 to 1.5:1. 

When the calcining temperature of the laminar 
composite hydroxide- type particles is less than 450°C, it 
may be difficult to produce the porous oxide particles. 
When the calcining temperature of the laminar composite 
hydroxide- type particles is more than 1,7009c, the obtained 
particles tend to be deteriorated in properties required as 
a porous carrier. The calcining temperature of the laminar 
composite hydroxide- type particles is preferably 500 to 
1,7009C, more preferably 550 to 1,7009c. 

The calcining time is not particularly restricted, 
and is usually 1 to 24 hours, preferably 1 to 12 hours. 



When the calcining time is more than 24 hours, it may be 
difficult to attain industrial merits. 

The porous oxide particles of the present invention 
have an average plate surface diameter of preferably 0.05 
to 0.35 ym and a BET specific surface area value of 
preferably 7.0 to 320 m 2 /g. 

The porous oxide particles of the present invention 
preferably have a nickel content of preferably 0.25 to 12% 
by weight, more preferably 0.5 to 10% by weight based on 
the total weight of the porous oxide particles. Also, the 
porous oxide particles are substantially the same in nickel 
content and molar ratio of magnesium to aluminum as those 
in the laminar composite hydroxide- type particles. 

When the reducing temperature of the porous oxide 
particles is less than 700 c €, it may be difficult to reduce 
the nickel component into metallic nickel, thereby failing 
to obtain the aimed catalyst of the present invention. 
When the reducing temperature of the porous oxide particles 
is more than 1,000^, the metallic nickel tends to suffer 
from sintering to increase the particle size of the fine 
metallic nickel particles, so that the resultant catalyst 
tends to be deteriorated in anti-coking property. The 
reducing temperature of the porous oxide particles is 
preferably 72 0 to 950^. The atmosphere for reducing the 
porous oxide particles is not particularly restricted as 
long as a reducing atmosphere such as a hydrogen-containing 
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gas is used. The heat-treating time is not particularly 
restricted, and is usually 0.5 to 2 4 hours, preferably 1 to 
12 hours. When the heat-treating time is more than 24 
hours, it may be difficult to attain industrial merits. 

The thus obtained catalyst in the form of particles 
may be formed into various molded products according to 
applications thereof. The shape and size of the molded 
product is not particularly restricted, and the catalyst 
may be formed, for example, into a spherical shape, a 
cylindrical shape and a tubular shape, or may be coated 
onto a honeycomb member. The spherical, cylindrical or 
tubular molded product of the catalyst has a suitable size 
of usually about 0.1 to 10 mm. Also, various binders such 
as organic or inorganic compounds may be added to the 
molded product of the catalyst according to requirements in 
order to control a strength or a pore distribution density 
thereof. Further, in the present invention, the catalyst 
may be granulated and shaped before the calcination. 

Next, the process for producing hydrogen using the 
catalyst for decomposition of hydrocarbons according to the 
present invention is described. 

The process for producing hydrogen using the catalyst 
for decomposition of hydrocarbons according to the present 
invention, comprises contacting steam and a gas composed 
mainly of low-molecular hydrocarbons each other in the 
presence of the catalyst for decomposition of hydrocarbons 
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according to the present invention, at a reaction 
temperature of 600 to 900^0, a molar ratio of steam to 
carbon (S/C) of 1.3 to 3.5 and a space velocity (GHSV) of 
1,500 to 600,000 h _1 . In the process for producing 
hydrogen using the catalyst for decomposition of 
hydrocarbons according to the present invention, the 
catalyst exhibits a methane conversion percentage of not 
less than 90%. 

When the reaction temperature upon production of 
hydrogen is less than 600^, the methane conversion 
percentage tends to be lowered to not more than 90%, 
thereby failing to efficiently produce hydrogen. When the 
reaction temperature is more than 9009C, the low-molecular 
hydrocarbons such as methane tend to be decomposed. The 
reaction temperature upon production of hydrogen is 
preferably 630 to 880^C, more preferably 650 to 870^. 

When the molar ratio of steam to carbon (S/C) is less 
than 1.3, the catalyst tends to be deteriorated in anti- 
coking property. Further, when the molar ratio of steam to 
carbon (S/C) is less than 1, no sufficient reaction tends 
to be caused. When the molar ratio of steam to carbon 

(S/C) is more than 3.5, a large amount of steam is required 
to produce hydrogen, resulting in unpractical process due 
to increased costs. The molar ratio of steam to carbon 

(S/C) is preferably 1.3 5 to 3.3, more preferably 1.4 to 3.2. 
The space velocity (GHSV) is preferably 1,500 to 100,000 h" 



1 in the consideration of application to actual apparatuses. 

As the low-molecular hydrocarbon gas used for 
production of hydrogen, there may be preferably used 
hydrocarbons having usually 1 to 6 carbon atoms, preferably 
1 to 4 carbon atoms. Examples of the low-molecular 
hydrocarbons may include, in addition to methane, ethane, 
propane, butane or the like. 

The reason why the catalyst for decomposition of 
hydrocarbons according to the present invention can exhibit 
not only an excellent methane conversion percentage but 
also an excellent anti-coking property even at a less 
nickel content, is considered as follows. 

That is, in the present invention, since the catalyst 
for decomposition of hydrocarbons is obtained by subjecting 
the laminar composite hydroxide- type particles composed of 
the composite hydroxide core particles containing magnesium 
and aluminum and a composite hydroxide layer containing 
magnesium, nickel and aluminum which is formed on the 
respective composite hydroxide core particles, to heat- 
calcination and then heat-reduction, it is considered that 
the fine metallic nickel particles are caused to 
efficiently exist only in the vicinity of the surface of 
the particle constituting the catalyst where the contact 
between the hydrocarbon gas and the catalyst more 
frequently occurs upon the decomposition reaction of 
hydrocarbons. In addition, it is considered that 
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notwithstanding the nickel content in the whole particles 
can be minimized, a large amount of nickel is present in 
the vicinity of the surface of the respective particles 
constituting the catalyst, so that the amount of nickel 
present on the surface of the particles where the catalytic 
reaction is predominantly conducted, can be comparatively 
increased. 

As described above, since the catalyst for 
decomposition of hydrocarbons according to the present 
invention exhibits a high catalytic activity, a high 
methane conversion percentage can be achieved even at a low 
reaction temperature, especially at about 600^. Further, 
the catalyst can be prevented from suffering from coking, 
i.e., deposition of carbon thereon, upon the production of 
hydrogen and, therefore, can maintain a high catalytic 
activity even under a low steam condition. 

Thus, in the catalyst for decomposition of 
hydrocarbons according to the present invention, the nickel 
content thereof is minimized and the fine metallic nickel 
particles functioned as the catalyst have a particle size 
as small as not more than 10 nm. Therefore, the catalyst 
can be applied to a broad range of catalytic reactions, 
especially can maintain a high anti-coking property even 
under a low steam condition, and can be used to produce 
hydrogen from a low-molecular hydrocarbon gas at a high 
conversion percentage. 
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Further, the catalyst for decomposition of 
hydrocarbons according to the present invention can be used 
as catalysts for carbon dioxide-reforming or partial 
oxidation of low-molecular hydrocarbon gas, or the like. 

EXAMPLES 

The present invention is described in more detail by 
Examples and Comparative Examples, but the Examples are 
only illustrative and, therefore, not intended to limit the 
scope of the present invention. 

Various properties were evaluated by the following 
methods . 

(1) The plate surface diameter of the laminar 
composite hydroxide- type particles and porous oxide 
particles was expressed by an average of values measured 
from a micrograph thereof. 

(2) The thickness of the laminar composite hydroxide- 
type particles was expressed by the value calculated from a 
diffraction peak curve of (006) crystal plane of the 
composite hydroxide particles according to the Scherrer ' s 
formula using a X-ray Dif f ractometer "RINT 2500" 
(manufactured by Rigaku Denki Co., Ltd.; tube: Cu; tube 
voltage: 40 kV; tube current: 300 mA; goniometer: wide- 
angle goniometer; sampling width: 0.02 0°; scanning speed: 
2°/min; emitting slit: 1°; scattering slit: 1°; light- 
receiving slit: 0.50 nm) . 
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(3) The laminar composite hydroxide particles were 
identified by X-ray diffraction measurement using the same 
X-ray dif f ractometer as used in the above (2) at a 
diffraction angle 29 of 3 to 80°. 

(4) The amounts of magnesium, nickel and aluminum 
contained in the catalyst were determined by measuring 
contents of these elements in a solution prepared by 
dissolving the catalyst with an acid, using an inductively 
coupled high-frequency plasma atomic emission spectroscopic 
device "SPS-4000 Model" (manufactured by Seiko Denshi Kogyo 
Co . , Ltd. ) . 

(5) The size of the fine metallic nickel particles 
was expressed by an average of values measured from a 
micrograph thereof. Further, the size of the fine metallic 
nickel particles having a diameter of more than 10 nm was 
expressed by the value calculated from a diffraction peak 
curve of (200) crystal plane of the fine metallic nickel 
particles according to the Scherrer's formula using a X-ray 
Dif f ractometer "RINT 2500" (manufactured by Rigaku Denki 
Co., Ltd.; tube: Cu; tube voltage: 40 kV; tube current: 300 
mA; goniometer: wide-angle goniometer; sampling width: 
0.020°; scanning speed: 2°/min; emitting slit: 1°; 
scattering slit: 1°; light-receiving slit: 0.50 nm) . It 
was recognized that the size of the fine metallic nickel 
particles as measured by the X-ray dif f ractometer was the 
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same as that measured from the micrograph. 

(6) The specific surface area value was expressed by 
the value measured by B.E.T. method using nitrogen. 

(7) The methane conversion percentage was calculated 
from the following formula: 

Methane conversion percentage (%) = {1- (methane 
concentration at outlet) / (methane concentration at inlet)} 
x 100 

(8) The amount of carbon deposited on the catalyst 
after the production of hydrogen was measured using a 
carbon-sulfur measuring device. 

Example 1 : 

<Production of catalyst> 

170.9 g of Mg(N0 3 ) 2 *6H 2 0 and 41.68 g of Al (N0 3 ) 3 • 9H 2 0 
were dissolved in water to prepare 1,000 ml of an aqueous 
solution of the magnesium and aluminum salts. Separately, 
1,000 ml of an aqueous solution prepared by dissolving 
17.46 g of NaC0 3 in water was added to 129 ml of NaOH 
(concentration: 14 mol/liter) to prepare a mixed alkali 
solution having a total volume of 2,000 ml. The thus 
prepared mixed alkali solution was mixed with the above 
prepared solution containing the magnesium and the aluminum 
salts, and the obtained solution was aged at 60^ for 2 
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hours to obtain composite hydroxide core particles. The pH 
value of the resultant reaction solution was 10.3. Then, 
500 ml of a mixed solution containing 115.4 g of 
Mg(N0 3 ) 2 -6H 2 0, 17.11 g of Ni(N0 3 )-6H 2 0 and 2.452 g of 
Al (N0 3 ) 3 • 9H 2 0 was added to the resultant alkaline 
suspension to adjust the pH value of the reaction solution 
to 9.5. The reaction solution was further aged at 60°C for 
2 hours to topotactically grow a coating layer on the 
composite hydroxide core particles, thereby obtaining 
laminar composite hydroxide- type particles. Meanwhile, the 
molar ratio of a sum of magnesium, nickel and aluminum 
added upon the growth reaction to a sum of magnesium and 
aluminum added upon the production of the core particles 
was 0.125. As a result, it was confirmed that the thus 
obtained laminar composite hydroxide- type particles had an 
average plate surface diameter of 0.05 jam, a crystallite 
size D 006 of 0.011 yun, a BET specific surface area of 208 

m 2 /g and a nickel content of 4.6 % by weight. 

The obtained laminar composite hydroxide- type 
particles were molded into spherical beads having a 
diameter of 3 mm. The thus molded spherical beads were 
calcined in air at 150°C for 3 hours to produce porous 
oxide particles. It was confirmed that the thus obtained 
porous oxide particles had an average plate surface 
diameter of 0.06 ]om, a BET specific surface area of 288 
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m 2 /g and a nickel content of 8.0% by weight. 

Next, the obtained porous oxide particles were 
reduced at 770 c € for one hour in a gas flow containing 
hydrogen and argon at a volume ratio of 20:80, thereby 
obtaining a catalyst for decomposition of hydrocarbons. As 
a result, it was confirmed that the thus obtained catalyst 
had a nickel content of 8.2% by weight, a molar ratio of 
nickel to a sum of magnesium, nickel and aluminum 
(Ni/ (Mg+Ni+Al) ) of 0.0581, a molar ratio of magnesium to 
aluminum (Mg:Al) of 3:1 and a BET specific surface area of 
3 65 m 2 /g, and the fine metallic nickel particles contained 
therein had a particle diameter of 7 run. 
<Hydrogen production reaction using the catalyst> 

In order to evaluate properties of the above obtained 
catalyst, 20 to 50 g of the catalyst was filled in a 
stainless steel reactor having an diameter of 20 mm, 
thereby preparing a catalyst tube. 

The thus prepared catalyst tube (reactor) was filled 
with a nitrogen gas and closely sealed. Then, after 
heating the sealed catalyst tube to each reaction 
temperature (600 to 900^) at a temperature rise rate of 
20 c C/min, steam was flowed through the tube for 15 minutes. 
Fifteen minutes after initiation of flowing the steam, a 
city gas having a composition 13A (compressed natural gas 
containing 87.5 % by volume of methane, 7.4 % by volume of 
ethane and 2 % by volume of propane) was additionally 
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flowed through the tube. At that time, the reaction 
pressure was 0.5 MPa, the space velocity (GHSV) of the city 
gas was 2,500 h" 1 (or 10,000 h _1 ) , and the molar ratio of 
steam to carbon (S/C) was 1.8 and 2.5. 

Example 2 : 

The composite hydroxide produced by the same method 
as defined in Example 1 was molded into spherical beads 
having a diameter of 2.5 mm. The thus molded spherical 
beads were calcined in air at 1,200^C for 30 minutes, 
thereby obtaining porous oxide particles. It was confirmed 
that the thus obtained porous oxide particles had an 
average plate surface diameter of 0.15 ]am, a BET specific 
surface area of 167 m 2 /g and a nickel content of 8.0% by 
weight . 

Next, the obtained porous oxide particles were 
reduced at 850^ for one hour in a gas flow containing 
hydrogen and argon at a volume ratio of 20:80, thereby 
obtaining a catalyst for decomposition of hydrocarbons. As 
a result, it was confirmed that the thus obtained catalyst 
had a nickel content of 8.2% by weight, a molar ratio of 
nickel to a sum of magnesium, nickel and aluminum 
(Ni/ (Mg+Ni+Al) ) of 0.0581, a molar ratio of magnesium to 
aluminum (Mg:Al) of 3:1 and a BET specific surface area of 
182 m 2 /g, and the fine metallic nickel particles contained 
therein had a particle diameter of 8 nm. 
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Example 3 : 

The substantially same procedure as defined in 
Example 1 was conducted as follows. That is, 153.9 g of 
Mg(N0 3 ) 2 -6H 2 0 and 37.51 g of Al (N0 3 ) 3 • 9H 2 0 were dissolved in 
water to prepare an aqueous solution of the magnesium and 
aluminum salts. Separately, 1,000 ml of an aqueous 
solution prepared by dissolving 14.62 g of NaC0 3 in water 

was added to 366 ml of NaOH (concentration: 14 mol/liter) 
to prepare a mixed alkali solution having a total volume of 
2,000 ml. The thus prepared mixed alkali solution was 
mixed with the above prepared solution containing the 
magnesium and the aluminum salts, and the obtained solution 
was aged at 60 °C for 2 hours to obtain composite hydroxide 
core particles. The pH value of the resultant reaction 
solution was 12.6. Then, 500 ml of a mixed solution 

containing 32.05 g of Mg (N0 3 ) 2 • 6H 2 0, 9.693 g of Ni(N0 3 )-6H 2 0 

and 7.815 g of Al (N0 3 ) 3 • 9H 2 0 was added to the resultant 
alkaline suspension to adjust the pH value of the reaction 
solution to 11.2. The reaction solution was further aged 
at 95 c € for 6 hours to topotactically grow a coating layer 
on the composite hydroxide core particles, thereby 
obtaining laminar composite hydroxide- type particles. 
Meanwhile, the molar ratio of a sum of magnesium, nickel 
and aluminum added upon the growth reaction to a sum of 
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magnesium and aluminum added upon the production of the 
core particles was 0.25. As a result, it was confirmed 
that the thus obtained laminar composite hydroxide- type 
particles had an average plate surface diameter of 0.3 jam, 
a crystallite size D 006 of 0.021 pm, a BET specific surface 

area of 17 m 2 /g and a nickel content of 2.7% by weight. 

The obtained laminar composite hydroxide- type 
particles were molded into spherical beads having a 
diameter of 3 mm. The thus molded spherical beads were 
calcined in air at 1,000^ for 30 minutes to produce porous 
oxide particles. It was confirmed that the thus obtained 
porous oxide particles had an average plate surface 
diameter of 0.32 pm, a BET specific surface area of 121 
m 2 /g and a nickel content of 4.4% by weight. 

Next, the obtained porous oxide particles were 
reduced at 800^ for 2 hours in a gas flow containing 
hydrogen and argon at a volume ratio of 20:80, thereby 
obtaining a catalyst in the form of particles. As a result, 
it was confirmed that the thus obtained catalyst had a 
nickel content of 4.5% by weight, a molar ratio of nickel 
to a sum of magnesium, nickel and aluminum (Ni/ (Mg+Ni+Al) ) 
of 0.0333, a molar ratio of magnesium to aluminum (Mg : Al ) 
of 3.9:1 and a BET specific surface area of 185 m 2 /g, and 
the fine metallic nickel particles contained therein had a 
particle diameter of 8 nm. 
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Example 4 : 

The substantially same procedure as defined in 
Example 1 was conducted as follows. That is, 174.8 g of 
Mg (N0 3 ) 2 - 6H 2 0 and 42.63 g of Al (N0 3 ) 3 • 9H 2 0 were dissolved in 
water to prepare an aqueous solution containing the 
magnesium and aluminum salts. Separately, 1,000 ml of an 
aqueous solution prepared by dissolving 18.51 g of NaC0 3 in 
water was added to 366 ml of NaOH (concentration: 14 
mol/liter) to prepare a mixed alkali solution having a 
total volume of 2,000 ml. The thus prepared mixed alkali 
solution was mixed with the above prepared solution 
containing the magnesium and the aluminum salts, and the 
obtained solution was aged at 60°C for 2 hours to obtain 
composite hydroxide core particles. The pH value of the 
resultant reaction solution was 11.5. Then, 500 ml of a 

mixed solution containing 17.14 g of Mg (N0 3 ) 2 • 6H 2 0, 0.518 g 
of Ni (N0 3 ) • 6H 2 0 and 4.179 g of Al (N0 3 ) 3 • 9H 2 0 was added to 
the resultant alkaline suspension to adjust the pH value of 
the reaction solution to 10.7. The reaction solution was 
further aged at 7 0°C for 6 hours, thereby obtaining laminar 
composite hydroxide -type particles as a precursor of the 
aimed catalyst. Meanwhile, the molar ratio of a sum of 
magnesium, nickel and aluminum added upon the growth 
reaction to a sum of magnesium and aluminum added upon the 
production of the core particles was 0.333. As a result, 
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it was confirmed that the thus obtained laminar composite 
hydroxide- type particles had an average plate surface 
diameter of 0.15 )im, a crystallite size D 006 of 0.032 urn, a 

BET specific surface area of 45 m 2 /g and a nickel content 
of 0.12% by weight. 

The obtained laminar composite hydroxide- type 
particles as a particulate precursor of the catalyst were 
molded into spherical beads having a diameter of 3 mm. The 
thus molded spherical beads were calcined in air at 950^ 
for 2 hours to produce porous oxide particles. It was 
confirmed that the thus obtained porous oxide particles had 
an average plate surface diameter of 0.17 um, a BET 
specific surface area of 189 m 2 /g and a nickel content of 
0 . 19% by weight . 

Next, the obtained porous oxide particles were 
reduced at 750^ for one hour in a gas flow containing 
hydrogen and argon at a volume ratio of 20:80, thereby 
obtaining a catalyst in the form of particles. As a result, 
it was confirmed that the thus obtained catalyst had a 
nickel content of 0.2% by weight, a molar ratio of nickel 
to a sum of magnesium, nickel and aluminum (Ni/ (Mg+Ni+Al ) ) 
of 0.0019, a molar ratio of magnesium to aluminum (Mg:Al) 
of 2.5:1 and a BET specific surface area of 212 m 2 /g, and 
the fine metallic nickel particles contained therein had a 
particle diameter of 1 nm. 
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Example 5 : 

The substantially same procedure as defined in 
Example 1 was conducted as follows. That is, 12 8.2 g of 

Mg (N0 3 ) 2 • 6H 2 0 and 31.26 g of Al (N0 3 ) 3 • 9H 2 0 were dissolved in 
water to prepare an aqueous solution containing the 
magnesium and aluminum salts. Separately, 1,000 ml of an 
aqueous solution prepared by dissolving 18.49 g of NaC0 3 in 

water was added to 375 ml of NaOH (concentration: 14 
mol/liter) to prepare a mixed alkali solution having a 
total volume of 2,000 ml. The thus prepared mixed alkali 
solution was mixed with the above prepared solution 
containing the magnesium and the aluminum salts, and the 
obtained solution was aged at 9 5^ for 2 hours to obtain 
composite hydroxide core particles. The pH value of the 
resultant reaction solution was 13.9. Then, 500 ml of a 

mixed solution containing 63.47 g of Mg (N0 3 ) 2 • 6H 2 0, 0.96 g 
of Ni (N0 3 ) • 6H 2 0 and 15.48 g of Al (N0 3 ) 3 • 9H 2 0 was added to 
the resultant alkaline suspension to adjust the pH value of 
the reaction solution to 12.7. The reaction solution was 
further aged at 9 5^ for 6 hours, thereby obtaining laminar 
composite hydroxide- type particles as a precursor of the 
aimed catalyst. Meanwhile, the molar ratio of a sum of 
magnesium, nickel and aluminum added upon the growth 
reaction to a sum of magnesium and aluminum added upon the 
production of the core particles was 0.5. As a result, it 



was confirmed that the thus obtained laminar composite 
hydroxide- type particles had an average plate surface 
diameter of 0.35 pm, a crystallite size D 006 of 0.0542 pm, 

a BET specific surface area of 10 m 2 /g and a nickel content 
of 0.22% by weight. 

The obtained laminar composite hydroxide- type 
particles were molded into spherical beads having a 
diameter of 3 mm. The thus molded spherical beads were 
calcined in air at 900^ for 2 hours to produce porous 
oxide particles. It was confirmed that the thus obtained 
porous oxide particles had an average plate surface 
diameter of 0.35 pm, a BET specific surface area of 42 m 2 /g 
and a nickel content of 0.48% by weight. 

Next, the obtained porous oxide particles were 
reduced at 110°C for 2 hours in a gas flow containing 
hydrogen and argon at a volume ratio of 20:80, thereby 
obtaining a catalyst in the form of particles. As a result, 
it was confirmed that the thus obtained catalyst had a 
nickel content of 0.5% by weight, a molar ratio of nickel 
to a sum of magnesium, nickel and aluminum (Ni/ (Mg+Ni+Al) ) 
of 0.0033, a molar ratio of magnesium to aluminum (Mg:Al) 
of 2:1 and a BET specific surface area of 83 m 2 /g, and the 
fine metallic nickel particles contained therein had a 
particle diameter of 2 nm. 



Example 6 : 
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The substantially same procedure as defined in 
Example 1 was conducted as follows. That is, 153.9 g of 
Mg (N0 3 ) 2 • 6H 2 0 and 37.51 g of Al (N0 3 ) 3 • 9H 2 0 were dissolved in 
water to prepare an aqueous solution containing the 
magnesium and aluminum salts. Separately, 1,000 ml of an 
aqueous solution prepared by dissolving 18.31 g of NaC0 3 in 
water was added to 112 ml of NaOH (concentration: 14 
mol/liter) to prepare a mixed alkali solution having a 
total volume of 2,000 ml. The thus prepared mixed alkali 
solution was mixed with the above prepared solution 
containing the magnesium and the aluminum salts, and the 
obtained solution was aged at 60^ for 2 hours to obtain 
composite hydroxide core particles. The pH value of the 
resultant reaction solution was 10.1. Then, 500 ml of a 
mixed solution containing 35.86 g of Mg (N0 3 ) 2 • 6H 2 0, 3.983 g 

of Ni(N0 3 )-6H 2 0 and 8.744 g of Al (N0 3 ) 3 • 9H 2 0 was added to 
the resultant alkaline suspension to adjust the pH value of 
the reaction solution to 8.7. The reaction solution was 
further aged at 60°C for 2 hours, thereby obtaining laminar 
composite hydroxide- type particles as a precursor of the 
aimed catalyst. Meanwhile, the molar ratio of a sum of 
magnesium, nickel and aluminum added upon the growth 
reaction to a sum of magnesium and aluminum added upon the 
production of the core particles was 0.25. As a result, it 
was confirmed that the thus obtained laminar composite 
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hydroxide- type particles had an average plate surface 
diameter of 0.08 ym, a crystallite size D 006 of 0.0224 \xm, 

a BET specific surface area of 243 m 2 /g and a nickel 
content of 1.1% by weight. 

The obtained laminar composite hydroxide -type 
particles were molded into spherical beads having a 
diameter of 3 mm. The thus molded spherical beads were 
calcined in air at SOO^ for 3 hours to produce porous 
oxide particles. It was confirmed that the thus obtained 
porous oxide particles had an average plate surface 
diameter of 0.12 ym, a BET specific surface area of 314 
m 2 /g and a nickel content of 1.76% by weight. 

Next, the obtained porous oxide particles were 
reduced at SSO^ for one hour in a gas flow containing 
hydrogen and argon at a volume ratio of 20:80, thereby 
obtaining a catalyst in the form of particles. As a result, 
it was confirmed that the thus obtained catalyst had a 
nickel content of 1.8% by weight, a molar ratio of nickel 
to a sum of magnesium, nickel and aluminum (Ni/ (Mg+Ni+Al) ) 
of 0.014, a molar ratio of magnesium to aluminum (Mg:Al) of 
1.6:1 and a BET specific surface area of 384 m 2 /g, and the 
fine metallic nickel particles contained therein had a 
particle diameter of 4 nm. 

Example 7 : 

The substantially same procedure as defined in 



Example 1 was conducted as follows. That is, 153.9 g of 
Mg(N0 3 ) 2 -6H 2 0 and 37.51 g of Al (N0 3 ) 3 • 9H 2 0 were dissolved in 
water to prepare an aqueous solution containing the 
magnesium and aluminum salts. Separately, 1,000 ml of an 
aqueous solution prepared by dissolving 18.46 g of NaCO s in 

water was added to 2 60 ml of NaOH (concentration: 14 
mol/ liter) to prepare a mixed alkali solution having a 
total volume of 2,000 ml. The thus prepared mixed alkali 
solution was mixed with the above prepared solution 
containing the magnesium and the aluminum salts, and the 
obtained solution was aged at 60^ for 2 hours to obtain 
composite hydroxide core particles. The pH value of the 
resultant reaction solution was 11.6. Then, 500 ml of a 
mixed solution containing 37.52 g of Mg (N0 3 ) 2 * 6H 2 0 , 1.418 g 
of Ni(N0 3 )*6H 2 0 and 9.15 0 g of Al (N0 3 ) 3 • 9H 2 0 was added to 
the resultant alkaline suspension to adjust the pH value of 
the reaction solution to 10.3. The reaction solution was 
further aged at 95°C for 6 hours, thereby obtaining laminar 
composite hydroxide- type particles as a precursor of the 
aimed catalyst. Meanwhile, the molar ratio of a sum of 
magnesium, nickel and aluminum added upon the growth 
reaction to a sum of magnesium and aluminum added upon the 
production of the core particles was 0.25. As a result, it 
was confirmed that the thus obtained laminar composite 
hydroxide- type particles had an average plate surface 
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diameter of 0.13 ym, a crystallite size D 006 of 0.0252 pm, 

a BET specific surface area of 52 m 2 /g and a nickel content 
of 0.3% by weight. 

The obtained laminar composite hydroxide- type 
particles were molded into spherical beads having a 
diameter of 3 mm. The thus molded spherical beads were 
calcined in air at 900^ for 2 hours to produce porous 
oxide particles. It was confirmed that the thus obtained 
porous oxide particles had an average plate surface 
diameter of 0.18 ]om, a BET specific surface area of 165 
m 2 /g and a nickel content of 0.68% by weight. 

Next, the obtained porous oxide particles were 
reduced at 72 0°C for one hour in a gas flow containing 
hydrogen and argon at a volume ratio of 20:80, thereby 
obtaining a catalyst in the form of particles. As a result, 
it was confirmed that the thus obtained catalyst had a 
nickel content of 0.7% by weight, a molar ratio of nickel 
to a sum of magnesium, nickel and aluminum (Ni/ (Mg+Ni+Al) ) 
of 0.0049, a molar ratio of magnesium to aluminum (Mg : Al ) 
of 2.3:1 and a BET specific surface area of 231 m 2 /g, and 
the fine metallic nickel particles contained therein had a 
particle diameter of 2 run. 

Example 8 : 

121.9 g of MgCl 2 *6H 2 0 and 25.24 g of A1C1 3 *6H 2 0 were 
dissolved in pure water to prepare 1000 ml of an aqueous 



solution containing the magnesium and aluminum salts. 
Separately, 1,000 ml of an aqueous solution prepared by 
dissolving 18.56 g of NaC0 3 in water was added to 393 ml of 
NaOH (concentration: 14 mol/liter) to prepare a mixed 
alkali solution having a total volume of 2,000 ml. The 
thus prepared mixed alkali solution was mixed with the 
above prepared solution containing the magnesium and the 
aluminum salts, and the obtained solution was aged at 90^C 
for 7 hours to obtain composite hydroxide core particles. 
The pH value of the resultant reaction solution was 13.9. 
Then, 500 ml of a mixed solution containing 18.55 g of 
MgCl 2 -6H 2 0, 17.37 g of NiCl 2 • 6H 2 0 and 3.624 g of AlCl 3 -6H 2 0 
was added to the resultant alkaline suspension to adjust 
the pH value of the reaction solution to 13.1. The 
reaction solution was further aged at 9 5^C for 8 hours, 
thereby obtaining laminar composite hydroxide- type 
particles as a precursor of the aimed catalyst. Meanwhile, 
the molar ratio of a sum of magnesium, nickel and aluminum 
added upon the growth reaction to a sum of magnesium and 
aluminum added upon the production of the core particles 
was 0.25. As a result, it was confirmed that the thus 
obtained laminar composite hydroxide- type particles had an 
average plate surface diameter of 0.24 ym, a crystallite 
size D 006 of 0.0472 ym, a BET specific surface area of 18.2 

m 2 /g and a nickel content of 5.8% by weight. 

The obtained laminar composite hydroxide- type 
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particles were molded into spherical beads having a 
diameter of 3 mm. The thus molded spherical beads were 
calcined in air at 700^ for 10 hours to produce porous 
oxide particles. It was confirmed that the thus obtained 
porous oxide particles had an average plate surface 
diameter of 0.29 jam, a BET specific surface area of 102 
m 2 /g and a nickel content of 10.2% by weight. 

Next, the obtained porous oxide particles were 
reduced at 900^ for 30 minutes in a gas flow containing 
hydrogen and argon at a volume ratio of 20:80, thereby 
obtaining a catalyst in the form of particles. As a result, 
it was confirmed that the thus obtained catalyst had a 
nickel content of 10.5% by weight, a molar ratio of nickel 
to a sum of magnesium, nickel and aluminum (Ni/ (Mg+Ni+Al ) ) 
of 0.0746, a molar ratio of magnesium to aluminum (Mg : Al ) 
of 3:1 and a BET specific surface area of 174 m 2 /g, and the 
fine metallic nickel particles contained therein had a 
particle diameter of 6 nm. 

Example 9 : 

121.9 g of MgCl 2 -6H 2 0 and 25.24 g of A1C1 3 • 6H 2 0 were 
dissolved in pure water to prepare 1000 ml of an aqueous 
solution containing the magnesium and aluminum salts. 
Separately, 1,000 ml of an aqueous solution prepared by 
dissolving 18.56 g of NaCO B in water was added to 393 ml of 
NaOH (concentration: 14 mol/ liter) to prepare a mixed 



alkali solution having a total volume of 2,000 ml. The 
thus prepared mixed alkali solution was mixed with the 
above prepared solution containing the magnesium and the 
aluminum salts, and the obtained solution was aged at 90^ 
for 10 hours to obtain composite hydroxide core particles. 
The pH value of the resultant reaction solution was 13.9. 
Then, 500 ml of a mixed solution containing 18.55 g of 

MgCl 2 *6H 2 0, 17.37 g of NiCl 2 -6H 2 0 and 3.624 g of AlCl 3 -6H 2 0 
was added to the resultant alkaline suspension to adjust 
the pH value of the reaction solution to 13.1. The 
reaction solution was further aged at 180^ for 12 hours, 
thereby obtaining laminar composite hydroxide- type 
particles as a precursor of the aimed catalyst. Meanwhile, 
the molar ratio of a sum of magnesium, nickel and aluminum 
added upon the growth reaction to a sum of magnesium and 
aluminum added upon the production of the core particles 
was 0.25. As a result, it was confirmed that the thus 
obtained laminar composite hydroxide- type particles had an 
average plate surface diameter of 0.35 pm, a crystallite 
size D 006 of 0.0624 ym, a BET specific surface area of 8 

m 2 /g and a nickel content of 5.8% by weight. 

The obtained laminar composite hydroxide- type 
particles as a particulate precursor of the catalyst were 
molded into spherical beads having a diameter of 3 mm. The 
thus molded spherical beads were calcined in air at 1,400^ 
for 3 0 minutes to produce porous oxide particles. It was 
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confirmed that the thus obtained porous oxide particles had 
an average plate surface diameter of 0.35 jam, a BET 
specific surface area of 18 m 2 /g and a nickel content of 
10.2% by weight. 

Next, the obtained porous oxide particles were 
reduced at 720^ for 12 hours in a gas flow containing 
hydrogen and argon at a volume ratio of 20:80, thereby 
obtaining a catalyst in the form of particles. As a result, 
it was confirmed that the thus obtained catalyst had a 
nickel content of 10.5% by weight, a molar ratio of nickel 
to a sum of magnesium, nickel and aluminum (Ni/ (Mg+Ni+Al) ) 
of 0.0746, a molar ratio of magnesium to aluminum (Mg:Al) 
of 3:1 and a BET specific surface area of 53 m 2 /g, and the 
fine metallic nickel particles contained therein had a 
particle diameter of 7 nm. 

Reference Example : 

160.3 g of Mg(N0 3 ) 2 -6H 2 0, 39.08 g of Al (N0 3 ) 3 • 9H 2 0 and 
48.47 g of Ni (N0 3 ) • 6H 2 0 were dissolved in pure water to 
prepare 1000 ml of an aqueous solution containing the 
magnesium and aluminum salts. Separately, 1,000 ml of an 
aqueous solution prepared by dissolving 15.46 g of NaC0 3 in 

water was added to 298 ml of NaOH (concentration: 14 
mol/liter) to prepare a mixed alkali solution having a 
total volume of 2,000 ml. The thus prepared mixed alkali 
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solution was mixed with the above prepared solution 
containing the magnesium and the aluminum salts, and the 
obtained solution was aged at 98°C for 24 hours to obtain 
composite hydroxide core particles as a catalyst precursor. 
As a result, it was confirmed that the thus obtained 
laminar composite hydroxide particles had an average plate 
surface diameter of 0.26 jam, a crystallite size D 006 of 

0.0463 jam, a BET specific surface area of 18.5 m 2 /g and a 
nickel content of 12.1% by weight. 

Successively, the obtained catalyst precursor in the 
form of particles was molded into spherical beads having a 
diameter of 3 mm. The thus molded spherical beads were 
calcined in air at 1,000^ for 2 hours to produce porous 
oxide particles. It was confirmed that the thus obtained 
porous oxide particles had an average plate surface 
diameter of 0.33 ym, a BET specific surface area of 92 m 2 /g 
and a nickel content of 21.0% by weight. 

Next, the obtained porous oxide particles were 
reduced at 8 0 0^ for 2 hours in a gas flow containing 
hydrogen and argon at a volume ratio of 20:80, thereby 
obtaining a catalyst in the form of particles. As a result, 
it was confirmed that the thus obtained catalyst had a 
nickel content of 21.5% by weight, a molar ratio of nickel 
to a sum of magnesium, nickel and aluminum (Ni/ (Mg+Ni+Al) ) 
of 0.1861, a molar ratio of magnesium to aluminum (Mg:Al) 
of 3:1 and a BET specific surface area of 109 m 2 /g, and the 



46 



fine metallic nickel particles contained therein had a 
particle diameter of 14 run. 

Comparative Example : 

a-Al 2 0 3 particles were molded into spherical beads 

having a diameter of 2.7 mm. The thus molded spherical 
beads were calcined in air at 970^ for 8 hours. The 
calcined spherical beads were sprayed with 1,000 ml of a 
solution prepared by dissolving 182.4 g of nickel nitrate 
hexahydrate, dried and then calcined again in air at 750 C C 
for 3 hours. The resultant product was reduced at 800^ 
for one hour in a gas flow containing hydrogen and argon at 
a volume ratio of 20:80, thereby obtaining a catalyst. As 
a result, it was confirmed that the thus obtained catalyst 
had a nickel content of 8.8% by weight, a molar ratio of 
nickel to a sum of magnesium, nickel and aluminum 
(Ni/ (Mg+Ni+Al) ) of 0.0811 and a BET specific surface area 
of 2.2 m 2 /g, and the fine metallic nickel particles 
contained therein had a particle diameter of 4 6 nm. 
<Hydrogen production reaction using the catalyst> 

The same procedure for hydrogen production reaction 
using the catalyst as defined in Example 1 was conducted 
except that the kind of catalyst was variously changed. 

The results of the reactions are shown in Tables 1 to 
4. In Table 1, there is shown the change in methane 
conversion percentage at a space velocity (GHSV) at 2,500 
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h" 1 when the hydrogen production reaction was conducted at 
the respective reaction temperatures. In Table 2, there is 
shown the change in methane conversion percentage at a 
space velocity (GHSV) at 10,000 h _1 when the hydrogen 
production reaction was conducted at the respective 
reaction temperatures. In Table 3, there is shown a 
relationship between reacting time and methane conversion 
percentage at 700^ . In Table 4, there is shown a 
relationship between reacting time and amount of carbon 
deposited on the catalyst molded product at 700 
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Table 1 : 

Change in CH ,, conversion percentage depending upon 
reaction temperature (at GHSV = 2,500 h" 1 ) 



Examples 


Composition of 
catalyst 


Reaction 
temperature 
(°C) 


CH 4 conversion 
percentage 
(%) 


Q / C — 


o / L- — 


Example 1 


Ni/ (Mg+Al+Ni) 

0 . 058 mol 
(Ni: 8.0 wt%) 


600 




Qi 9 


650 


27 X . U 


. 1 


700 


Q "3 1 


qc cr 

-7 3 . Z> 


750 


2s r± » O 


-/O.j 


800 




-7 / • *± 


850 


27 O . 


27 1 . D 


900 


27 D . 27 


-7 O . J. 


Example 2 


Ni/ (Mg+Al+Ni) 

0 . 058 mol 
(Ni: 8.0 wt%) 


600 


on "3 


27 u . o 


650 


90.8 


91.8 


700 


93.5 


94.5 


750 


94 . 6 


96.6 


800 


95 . 5 


96 . 9 


850 


95.9 


97 .3 


900 


96.8 


98 . 5 


Example 3 


Ni/ (Mg+Al+Ni) 

0.033 mol 
(Ni : 4.5 wt%) 


600 


90.2 


90.1 


650 


90 . 6 


90.2 


700 


90.9 


92 .4 


750 


92.5 


94 .3 


800 


93.8 


95.7 


850 


95.2 


96.1 


900 


96.2 


97.9 


Example 4 


Ni/ (Mg+Al+Ni) 

0.0019 mol 
(Ni: 0.2 wt%) 


600 


90.2 


90.3 


650 


90.3 


90.4 


700 


90.6 


91.5 


750 


91.1 


93 .4 


800 


92.1 


94 . 7 


850 


93 .3 


94.9 


900 


94 .2 


96.1 
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Table 1 (continued) 



Examples 


Composition of 
catalyst 


Reaction 
temperature 
(°C) 


CH 4 conversion 
percentage 
(%) 


S/C = 
1 . 8 


S/C = 
2 . 5 


Example 5 


Ni/ (Mg+Al+Ni) 

0.003 mol 
(Ni: 0.5 wt%) 


600 


90 . 1 


90.4 


650 


90 . 4 


90.6 


700 


90 . 8 


91.8 


750 


91 . 2 


92 . 5 


800 


92 . 7 


93 . 7 


850 


93 . 6 


94 . 6 


900 


94 . 9 


96.4 


Example 6 


Ni/ (Mg+Al+Ni) 

0.014 mol 
(Ni: 1.8 wt%) 


600 


90.4 


90.3 


650 


90 . 5 


90.9 


700 


90 . 7 


91 . 5 


750 


91 . 1 


92 . 9 


800 


93 .2 


93 . 1 


850 


93 . 9 


94.3 


900 


95 . 1 


96.8 


Example 7 


Ni/ (Mg+Al+Ni) 

0.0049 mol 
(Ni: 0.7 wt%) 


600 


90 . 1 


90 . 1 


650 


90 . 1 


90.2 


700 


90 . 5 


91 . 1 


750 


92 .1 


93 . 1 


800 


L 93 .2 


94 . 2 


850 


93 .9 


94 . 8 


900 


94.9 


95 . 9 


Example 8 


Ni/ (Mg+Al+Ni) 

0.0746 mol 
(Ni: 10.2 wt%) 


600 


90 .1 


90 . 5 


650 


91.2 


92 . 8 


700 


92 . 9 


94 . 7 


750 


93 .3 


96 . 9 


800 


94 . 8 


97 . 4 


850 


96.1 


97 . 9 


900 


97 .3 


98.8 
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Table 1 (continued) 



Examples , 
Reference 
Example and 
Compar a t ive 
Example 


Composition of 
catalyst 


Reaction 
temperature 
(°C) 


CH 4 conversion 
percentage 
(%) 


S/C = 
1 . 8 


S/C = 
2 . 5 


Example 9 


Ni/ (Mg+Al+Ni) 

0.0746 mol 
(Ni: 10.2 wt%) 


600 


90 .2 


91 . 3 


650 


91 .4 


92 .2 


700 


92 . 6 


93 . 8 


750 


93 .5 


95.2 


800 


95 .2 


96.7 


850 


96 . 4 


97 . 1 


900 


97 .7 


98.2 


Reference 
Example 


Ni/ (Mg+Al+Ni) 

0.1861 mol 
(Ni: 21.5 wt%) 


600 


81.1 


82 . 1 


650 


85 .2 


86.2 


700 


87 .4 


87 . 3 


750 


89 .1 


88.9 


800 


92 .1 


92 .3 1 


850 


92 .4 


92.3 


900 


92 . 5 


92.4 


Comparative 
Example 


Ni/ (a-Al 2 0 3 +Ni) 

0.081 mol 
(Ni: 8.8 wt%) 


600 


85.4 


87 .2 


650 


90.4 


90.2 


700 


91 . 3 


92 . 5 


750 


92.8 


93 .4 


800 


94 . 1 


95 . 3 


850 


94.9 


95.8 


900 


95 . 8 


96.1 
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Table 2 : 

Change in CH A conversion percentage depending upon 
reaction temperature (at GHSV = 10,000 h" 1 ) 



Examples 


Composition of 
catalyst 


Reaction 
temperature 
(°C) 


CH 4 conversion 
percentage 
(%) 


S /C = 
1 . 8 


1 s /c = 
2 . 5 


Example 1 


Ni/ (Mg+Al+Ni) 

0.058 mol 
(Ni: 8.0 wt%) 


600 


91.8 


92 . 1 


650 


92 .4 


92 . 8 


700 


95 . 1 


95.7 


750 


96 . 8 


97.3 


800 


97.1 


97 . 8 


850 


97.4 


98.5 


900 


98 . 1 


99.2 


Example 3 


Ni/ (Mg+Al+Ni) 

0.033 mol 
(Ni: 4.5 wt%) 


600 


90 . 8 


92 . 3 


650 


91.2 


92 . 6 


700 


93 . 6 


94 . 2 


L 750 


94.1 


94.8 


800 


95.2 


96.3 


850 


96.1 


97.1 


900 


97 . 8 


98. 5 


Example 4 


Ni/ (Mg+Al+Ni) 

0.0019 mol 
(Ni: 0.2 wt%) 


600 


90 . 1 


91 . 1 


650 


91 .2 


92 .3 


700 


93 .1 


94. 1 


750 


93 . 8 


94.4 


800 


94 .2 • 


95.1 


850 


95 . 6 


96.2 ! 


900 


96.2 


97 . 8 i 
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Table 2 (continued) 



Reference 
Example and 
Comparative 
Example 


Composition of 
catalyst 


Reaction 
temperature 

( ^ ) 


CH 4 conversion 
percentage 
(%) 


S/C = 
1.8 


S/C - 
2 . 5 


Reference 
Example 


Ni/ (Mg+Al+Ni) 

0.1861 mol 
(Ni: 21.5 wt%) 


600 


82 . 5 


83 . 1 


650 


86.8 


87 . 5 


700 


87 . 9 


88 .2 


, ~t r~ r\ 

7 50 


91 . 6 


92 . 1 


800 


92 . 1 


93.2 


850 


93 . 4 


93 .8 


900 


94.2 


94.7 


Comparative 
Example 


Ni/ (0t-Al 2 O 3 +Ni) 
0.081 mol 
(Ni: 8.8 wt%) 


600 


87 . 1 


88.6 


650 


88 . 5 


89 . 5 


700 


91.7 


92 .7 


750 


92 .2 


93 .2 


800 


93 . 8 


94.8 


850 


94.2 


95.2 


900 


95 . 2 


96 . 6 
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Table 3 : 

Change in CH ^ conversion percentage depending upon reaction 

time 

(at reaction time: 100°C; GHSV = 2,500 frr 1 ) 



Examples 


Composition of 
catalyst 


Reaction 
time 
(hr) 


CH 4 conversion 
percentage 
(%) 


S/C - 
1 . 8 


S/C = 
2 . 5 


Example 1 


Ni/ (Mg+Al+Ni) 

0.058 mol 
(Ni: 8.0 wt%) 


24 


93 . 1 


95.5 


150 


92 . 8 


95. 5 


350 


93 .4 


94 . 9 


Example 2 


Ni/ (Mg+Al+Ni) 

0.058 mol 
(Ni: 8.0 wt%) 


24 


93 . 5 


94 . 5 


150 


93 . 7 


94.3 


350 


93 .2 


95. 6 


Example 3 


Ni/ (Mg+Al+Ni) 

0.033 mol 
(Ni: 4.5 wt%) 


24 


90.9 


92 .4 


150 


89.9 


92 . 1 


350 


90 . 1 


91. 8 


Example 4 


Ni/ (Mg+Al+Ni) 

0.0019 mol 
(Ni: 0.2 wt%) 


24 


90 . 1 


91.7 


150 


88 . 8 


91.4 


350 


89.3 


91 . 1 


Example 5 


Ni/ (Mg+Al+Ni) 

0.003 mol 
(Ni: 0.5 wt%) 


24 


91.3 


92 . 1 


150 


89 . 8 


92.5 


350 


89.1 


91.8 


Example 6 


Ni/ (Mg+Al+Ni) 

0.014 mol 
(Ni: 1.8 wt%) 


24 


90.2 


92.8 


150 


89 .3 


92 . 1 


350 


90.4 


92.5 
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Table 3 (continued) 



Examples , 
Reference 
Example and 
Comparative 
Example 


Composition of 
catalyst 


Reaction 
time 
(hr) 


CH 4 conversion 
percentage 
(%) 


S/C = 
1.8 


S/C = 
2.5 


Example 7 


Ni/ (Mg+Al+Ni) 

0.0049 mol 
(Ni: 0.7 wt%) 


24 


90 . 5 


91. 1 


150 


88.8 


90.3 


350 


87.3 


89 . 8 


Example 8 


Ni/ (Mg+Al+Ni) 

0.075 mol 
(Ni: 10.2 wt%) 


24 


92.9 


94.7 


150 


92 . 8 


94 . 5 


350 


93 .3 


95.1 


Example 9 


Ni/ (Mg+Al+Ni) 

0.075 mol 
(Ni: 10.2 wt%) 


24 


92 . 6 


93 . 8 


150 


92.7 


94 . 1 


350 


92 . 8 


93 . 6 


Reference 
Example 


Ni/ (Mg+Al+Ni) 

0.1861 mol 
(Ni: 21.5 wt%) 


24 


93 . 1 


93 . 6 


150 


92.8 


93 .4 


350 


92 . 6 


92 . 9 


Comparative 
Example 


Ni/ (Ct-Al 2 0 3 +Ni) 
0.0811 mol 
(Ni: 8.8 wt%) 


24 


87 .2 


87 .7 


150 


87.2 


87 . 3 


350 


87.4 


87 .2 
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Table 4 



III -?v cJ.il I x t: o 


Pnnrnn q i i — 1 nn 0"F 

v_ <J 1 L i^J WoJ- L 1UI1 W -i- 

catalyst 


f- "j TTIp 

1 L1UC 

(hr) 


Amount of carbon 
(%) 


S/C = 
1 Q 


S/C = 

Z . j 


Example 1 


Ni/ (Mg+Al+Ni) 

0.058 mol 
(Ni • 8 0 wt% ) 


9 A 


n 1 c 


n oi 

U.zl 


1 JU 


u . Z D 


U . j z 


? R 0 

J JU 


U . jj 


n /i 1 


Example 2 


Ni / (Mg+Al+Ni) 

0.058 mol 
(Ni • 8 0 wt%) 


9 4 


U . ±z? 


U . lb 


JL J \J 


n op 

U ,zo 


U • j j 


^ R 0 


n to 

U . jZ 


U . 4 j 


Example 3 


Ni/ (Mg+Al+Ni) 

0.033 mol 
(Ni: 4.5 wt%) 




0 1 

U . _L \J 


n iff 




0.19 


0.22 


350 


0.25 


0.38 


Example 4 


Ni/ (Mg+Al+Ni) 

0.0019 mol 
(Ni: 0.2 wt%) 


24 


0 . 11 


0 . 14 


150 


0.21 


0.25 


350 


0.32 


0 .38 


Example 5 


Ni / (Mg+Al+Ni) 

0.003 mol 
(Ni: 0.5 wt%) 


24 


0 . 14 


0 . 18 


150 


0 .22 


0 .27 


350 


0.35 


0 .42 


Example 6 


Ni/ (Mg+Al+Ni) 

0.014 mol 
(Ni: 1.8 wt%) 


24 


0.15 


0 . 17 


150 


0.23 


0 .28 


350 


0.36 


0 .43 



56 



Table 4 (continued) 



Examples , 
Reference 
Example and 
Comparative 
Example 


Composition of 
catalyst 


Reaction 
time 
(hr) 


Amount of carbon 
(%) 


S/C = 
1 . 8 


S/C = 
2.5 


Example 7 


Ni/ (Mg+Al+Ni) 

0.0049 mol 
(Ni: 0.7 wt%) 


24 


0 . 12 


0.16 


150 


0 .23 


0.28 


350 


0 . 34 


0 .41 


Example 8 


Ni/ (Mg+Al+Ni) 

0.075 mol 
(Ni: 10.2 wt%) 


24 


0 . 18 


0.22 


150 


0 . 27 


0.31 


350 


0 . 32 


0.44 


Example 9 


Ni/ (Mg+Al+Ni) 

0.075 mol 
(Ni: 10.2 wt%) 


24 


0 . 17 


0.27 


150 


0 .29 


0.36 


350 


0.38 


0 .42 


Reference 
Example 


Ni/ (Mg+Al+Ni) 

0.1861 mol 
(Ni: 21.5 wt%) 


24 


0 . 58 


0.56 


150 


0 . 64 


0 . 61 


350 


0 . 85 


0.79 


Comparative 
Example 


Ni/ (a-Al 2 0 3 +Ni) 
0.0811 mol 
(Ni: 8.8 wt%) 


24 


2.5 


2.7 


150 


3.6 


4.2 


350 


4 . 8 


5.6 



